This paper presents a scattering model and measurements of backscattering coefficients for soybean fields. The polarimetric radar backscatters of a soybean field were measured using the ground-based X-band polarimetric scatterometer in an angular range from 20° to 60°. The backscattering coefficients were also obtained using the COSMOSkyMed (Spotlight mode, HH-polarization) from July to October 2010. The backscattering coefficients of the soybean field were computed using the 1st-order radiative transfer model (RTM) with field-measured input parameters. The soybean layer is composed of the stems, branches, leaves, and soybean pods. The stems, branches, and pods are modeled with lossy dielectric cylinders, the leaves are modeled with lossy dielectric disks. The estimated backscattering coefficients agree quite well with the field-measured radar backscattering coefficients. This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
Ⅰ. Introduction
Remote sensing of earth surfaces using synthetic aperture radar (SAR) has been extensively studied over the past several decades. Today, many scattering models are available for analyzing the radar backscattering coefficients of bare soil surfaces, sea surfaces, forests, agricultural fields, etc [1] . Many scattering models have been developed for bare surfaces, and the accuracy of these models has been validated by radar measurements [2] . However, until now, even though many studies have been done on vegetated surfaces, the accuracy of the scattering models for these types of surfaces still remains to be validated. The Radiative transfer model (RTM) is one of the best-known scattering models for the vegetation layer [3] . In RTM, the backscattering coefficients are calculated using five basic scattering mechanisms between the layers [4] . The accuracy of the scattering matrix of each particle is therefore a key factor for determining the total backscattering coefficient. Thin disks are used for leaves, and cylinders for branches, stems, and bean pods.
In the present study, we developed a scattering model for microwave scattering from a vegetation canopy, which shows a reasonably good accuracy. This model employs the iterative vector radiative transfer theory to compute the backscattering coefficients, including the first-order multiple scattering effects.
Ⅱ. Scattering Model
This scattering model is based on the 1st-order RTM. In 1st-order RTM, the backscattering coefficient is comprised of five mechanisms between the ground and vegetation layer. Five scattering mechanisms consist of direct vegetation scattering, direct ground scattering, vegetation-ground scattering, ground-vegetation scattering, and ground-vegetation-ground scattering. Ground scattering is calculated by using Oh et al.'s model [5] . Oh model is one of the best-known ground scattering models for bare soil. Particles of the vegetation layer are calculated by using the physical optics (PO) technique for stems, branches, leaves, and soybean pods [1] , [6] . The number of input parameters for the scattering model is about 40 except radar parameters (frequency, incidence angle, and polarization).
The backscattering coefficients of a vegetated surface are obtained from the 4×4 transformation matrix T which can be computed using the extinction matrices of the vegetation canopy, the reflectivity matrix of the ground surface, and scattering-mechanism matrices corresponding to five scattering mechanisms [7] . Backscattering coefficients are computed using the transformation matrix as in the following equation. 
where c T is the transformation matrix relating vegeta- 
where E is the eigenmatrix which can be expressed by
Mueller matrix parameters, D is a diagonal matrix, and R is the reflectivity matrix. E and D matrix are composed with 2×2 matrix which can be expressed by where P is the phase matrix which can be computed by integration of the Mueller matrix M multiplied by the distribution functions of the scattering particles.
where L is ensemble average of Mueller matrix L of each particles. For example, in the case of stems, branches, and pods are counted as cylindrical shapes. Therefore, length l , diameter a , and parameter j q , j f that is the represented orientation considered for averaging. The ensemble average of the cylindrical shape is expressed by
where
, and l L relates the incident and scattered intensities for a single particle and P is the joint probability density function. C is given as in (8).
The 4×4 Mueller matrices are calculated using the scattering matrices S of scatterers. The expression for 
where s is surface RMS height, l is surface correlation length and k is the wavenumber. Here, a is the degree of correlation and V is the co-polarized phase-difference [5] . The block diagram shown in Fig. 2 shows the RTM procedure.
The major input parameters of this scattering model are canopy height (cm), stem density (m 
Ⅲ. Measurements
The results of the 1st-order RTM simulation are compared with the measured backscattering coefficients to verify the scattering model. The backscattering coefficients are obtained using eleven COSMO-SkyMed images (Spotlight mode, HH-polarization) at 30 and 40 degrees from July to October 2010. Fig. 3 shows the COS-MO-SkyMed SAR image of the area of Suwon, Korea.
The backscattering coefficients of a soybean field have been also measured using the well calibrated ground-based X-band polarimetric scatterometer system (HPS: Hongik Polarimetric Scatterometer) at 9.65 GHz and full-polarizations in 2010 [8] . Fig. 4 shows the scatterometer system which consists of a vector network analyzer, an antenna support for automatically controlling azimuth and elevation angles, and an X-band sub-circuit for an X-band operation. We also collected ground truth data for measuring the input parameters of the scattering model. Table 1 shows one of the ground truth data sets. To reduce input parameters, probability density functions of stems and branches are combined together, because the effect of leaves is dominant compared with stems, branches, and soybeans in the soybean field. In this case, the density of branches, stems, water contents, diameter, length, and vertical angle which have been used in the model are 438.23, 0.68 g/cm 3 , 0.16 cm, 25.68 cm, and 30 degree, respectively. We assume that the shape of a soybean is a circular cylinder. The soybean diameter is then replaced by 0.786 cm which is the mean value of the depth and width.
Ⅳ. Verification
The 1st-order RTM is compared with COSMO-SkyMed temporal data and scatterometer angular data for verification. Figure 5 shows a comparison between the 1st-order RTM-based scattering model and the COS-MO-SkyMed data of the soybean field with HH-polarization. The COSMO-SkyMed data have five points at 30 degrees and six points at 40 degrees, and RT simulation results are eleven datasets at 30 and 40 degrees, respectively. The measured backscattering coefficients increase steadily as the density of leaves increases. Backscattering coefficients saturate at 60 days after planting.
The backscattering coefficients increase as the number of soybean pods increase rapidly 70 days after planting. The backscattering coefficients decreased when most of the leaves had fallen 90 days after planting. Table 2 demonstrates the difference between measured and estimated backscattering coefficients. The estimated backscattering coefficients agree quite well with the SAR data. The average RMSE (Root Mean Square Error) is 0.163 dB. Fig. 6 shows the contributions of the five scattering mechanisms to the total radar backscatter for HH-polarizations at various days after planting. This figure shows the backscattering change at 40 degrees and the same tendency was shown for other angles. The ground scattering declined and direct vegetation scattering rose. Mechanisms 2, 3, and 4 give much lower backscatter than mechanisms 1 and 5, which means that the in teraction between vegetation and ground is negligible.
In this case, the three input parameters (number of soybeans, number of leaves and water contents of leafves) Fig. 6 . Contributions of five scattering mechanisms to the total backscatter by day after planting. are the most dominant parameters for vegetation scattering. Fig. 7 shows the sensitivity of three components at various days after planting. The number of leaves increased until 60 days after planting and then decreased rapidly after 90 days. However vegetation scattering decreased slightly after 55 days and rose again due to changes in leaf water content, as shown in Fig. 7 . The growth of soybean pods also affected the vegetation scattering 70 days after planting. The soybean pods grew rapidly from 60 days after planting. Therefore, vegetation scattering is determined by a combination of these three parameters. The vegetation scattering can be computed using a simple regression curve in (11). 
This equation represents the vegetation scattering fr- om three components and weighting value w1, w2, w3. We apply weighting value as w1=0. 8, w2=0 .0001, w3= 0.00013. Fig. 8 shows the comparison between estimated vegetation scattering using 1st-order RTM and the simple regression equation. Fig. 9 shows the comparison between the scatterometer measurements data and the 1st-order RTM results based on the contribution of the five scattering mechanisms to the total radar backscatter for VV-and HH-polarization backscattering coefficients. The direct ground backscatter (mechanism-5) is dominant for low incidence angles, while the direct vegetation backscatter is dominant at large incidence angles. This means that the vegetation scattering increases as incidence angle increases because the attenuation from vegeta- tion layer increases. The degree of attenuation is generally proportional to the density of vegetation and water content.
Ⅴ. Conclusion
We developed an accurate model of radar backscattering from a vegetation canopy by using the 1st-order RTM to compute the backscattering coefficients of a soybean field. The scattering model was validated by actual measurements of the backscattering coefficients using the ground-based Hongik Polarimetric Scatterometer (HPS) and the COSMO-SkyMed SAR. The results of the model simulation agree quite well with the measured backscattering coefficients.
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